Abstract Feed forward control and estimates of the future state of the motor system are critical for fast and coordinated movements. One framework for generating these predictive signals is based on the central nervous system implementing internal models. Internal models provide for representations of the input-output properties of the motor apparatus or their inverses. It has been widely hypothesized that the cerebellum acquires and stores internal models of the motor apparatus. The results of psychophysical, functional imaging and transcranial magnetic stimulation studies in normal subjects support this hypothesis. Also, the deficits in patients with cerebellar dysfunction can be attributed to a failure of predictive feed forward control and/or to accurately estimate the consequences of motor commands. Furthermore, the computation performed by the cerebellar-like electrosensory lobes in several groups of fishes is to predict the sensory consequences of motor commands. However, only a few electrophysiological investigations have directly tested whether neurons in the cerebellar cortex have the requisite signals compatible with either an inverse or forward internal model. Our studies in the monkey performing manual pursuit tracking demonstrate that the simple spike discharge of Purkinje cells does not have the dynamics-related signals required to be the output of an inverse dynamics model. However, Purkinje cell firing has several of the characteristics of a forward internal model of the arm. A synthesis of the evidence suggests that the cerebellum is involved in integrating the current state of the motor system with internally generated motor commands to predict the future state.
Review
Internal models are widely discussed as a mechanism by which the central nervous system (CNS) generates feed forward commands and/or makes predictions about the upcoming states. Forward internal models predict the state of the system, either the motor variables or the sensory output, as a consequence of the current state of the system and the motor commands. Inverse dynamics models, in response to the desired trajectory, generate the signals required to produce the joint torques/forces used to control a movement. Numerous psychophysical findings support the hypothesis that the CNS uses internal models. Prominent examples include the anticipatory changes in grip forces during predictable manipulations of object load [11, 17] and our ability to adapt and generalize reaching movements in novel dynamic environments [38, 42] . Furthermore, sensory feedback loops have delays that are too long and gains too low to control fast and coordinated movements.
Many investigators postulate that the cerebellum acquires and stores internal models of the motor system [16, 18, 26, 37, 44] . Support for these hypotheses is largely based on deficits in patients with cerebellar dysfunction or on functional imaging studies. Consistent with the inverse dynamics hypothesis, cerebellar patients have difficulty adapting to external force fields [23, 40] . Changes in the activation of the cerebellum following motor learning in normal subjects also implicate this structure in the acquisition and storage of inverse models [8, 10, 16, 37] .
A few electrophysiological investigations have tested whether Purkinje cells are the output of an inverse dynamics model. Direct predictions of this hypothesis are that these neurons must provide the signals needed to specify the dynamics of a movement and should be closely coupled to muscle activity [13, 36, 42] . The first studies involved Purkinje cell recordings in the ventral paraflocculus/ flocculus during the ocular following response in monkeys [13, 20, 39] . Simple spike and complex spike firing were reconstructed using a combination of eye position, velocity, and acceleration. These kinematic signals were interpreted in terms of their dynamic counterparts, that is, the elastic, viscous, and inertial forces needed to control the eye. However, the kinematic signals are not equivalent to forces [30] . In fact, it has been well documented that Purkinje cell firing signals eye movement kinematics [22, 24] .
The transient changes in Purkinje cell firing that occurs when an external force load is switched from resistive to assistive during elbow movements have been taken as evidence for an inverse dynamics model in the cerebellum [45] . However, that study did not explicitly control limb kinematics or systematically vary the magnitude of the external loads. There was no measure of effect size. Most importantly, the study did not demonstrate that the changes in simple spike firing in response to the switch in force loads specified joint torques and/or limb EMG activity as required for the output of an inverse dynamics model.
To rigorously test whether Purkinje cell firing is the output of an inverse dynamics model requires systematically varying forces while keeping kinematics constant. To test for arm movements, we recorded Purkinje cells in the intermediate and lateral cerebellum while monkeys accurately tracked a small target as viscous and elastic force fields of varying loads were imposed (Fig. 1a) [32] . Hand kinematics, including the path and speed, were not significantly altered by either the type of force field or the magnitude of the load (Fig. 1a) . Hand forces and arm EMG activity increased linearly with the load and their spatial tuning (i.e., position of maximal response during clockwise (cw) and counterclockwise (ccw) tracking) differed markedly between viscous and elastic force fields (Fig. 1b and c) . Under viscous loads, the hand forces and arm EMG activity were highly dependent on the direction as evidenced by the nearly 180°out-of-phase modulation for ccw and cw tracking. Under elastic loads, arm dynamics were highly dependent on position as shown by the nearly in-phase modulation of the forces and EMG activity independent of the direction of movement.
The simple spike discharge of Purkinje cells was essentially not affected, with 91% of the cells (151/166) not significantly modulated by force type or load (Fig. 1d) . Furthermore, the spatial tuning pattern was not altered, a finding that further uncouples Purkinje cell firing from limb EMG activity. These results are inconsistent with the hypothesis that Purkinje cell discharge in this region of the cerebellum is the output of an inverse dynamics model of the arm.
Evidence implicating the cerebellum as a forward internal model is also primarily based on deficits in patients with cerebellar disorders [1, 27, 43] and on functional imaging studies in normal subjects [10, 16, 19, 34, 37] . In patients with cerebellar pathology, predictive, feed forward control is defective during a wide variety of motor behaviors [1, 15, 21, 27-29, 40, 43] . In contrast, on-line or reactive control is relatively intact. The failure of patients with cerebellar degeneration to adapt to visuomotor perturbations may be due to mismatch between the predicted and actual sensory outcome of motor commands [43] . Furthermore, the increase in reach errors that occurs with transcranial magnetic stimulation of the lateral cerebellum in healthy subjects may reflect the disruption of an accurate estimate of hand position [25] . These observations suggest that the cerebellum generates feed-forward or predictive signals as envisioned by forward internal models.
The cerebellar cortical circuitry appears designed to make predictions about the upcoming state. Cerebellum-like structures, such as the electrosensory lobe in elasmobranches, have an architecture similar to the mammalian cerebellum [2] [3] [4] . Common features include a molecular layer with densely packed parallel fibers that synapse on the apical dendrites of the principal cells (i.e., similar to Purkinje cells). The parallel fibers originate in a granule cell layer that receives inputs from higher motor and sensory areas. Principal cells also receive a second class of afferents onto their basilar dendrites and this input relays sensory information from the periphery (i.e., similar to the climbing fiber projection to Purkinje cells). In several teleosts, these cerebellum-like structures generate predictions of the sensory consequences of the fish's behavior on its own electrosensory system [2, 4, 5, 7, 14] . In turn, these signals are used to remove predictable features from the sensory input. Therefore, cerebellar-like circuitry has the capacity to function as a forward internal model that predicts the upcoming state.
A forward internal model could either produce an estimate of the new motor state (e.g., the position and velocity of the arm) or predict the sensory reafferent signals (e.g., the signals from muscles or joints). While the cerebellum receives the inputs required for a forward internal model, that is the motor command and information on the current state of the system (Fig. 2a) [6, 41] , we are not aware of single unit studies explicitly testing the forward internal model hypothesis. Three properties of Purkinje cell firing during arm movements are consistent with these neurons providing a prediction of the upcoming motor state. First, Purkinje cells in lobules IV-VI of the intermediate and lateral cerebellum encode the position, direction of movement and speed of arm movements [9, 12, 31, 35] .
Second, Purkinje cell firing precedes movement kinematics. We demonstrated this in a circular pursuit-tracking paradigm [35] that included both a Track period when the animal tracked the target and an Intercept period when the monkey made a fast-reaching movement from a central location to intercept the target (Fig. 2b) . This reaching movement is fundamentally different from pursuit tracking. We took advantage of this difference and the asymmetric properties of the Intercept period to determine the lead/lag between the firing and movement kinematics as well as test the robustness of the kinematic signals carried by Purkinje cells. Using the parameters from a regression model that describes the relation between Purkinje cell firing and hand kinematics during the Track period, we could accurately predict the firing during the Intercept period (Fig. 2b and c) . For the majority of recorded Purkinje cells the simple spike discharge preceded the movement kinematics, consistent with a prediction of the upcoming motor state (Fig. 2d) .
Third, a forward internal model should provide an estimate of the expected consequences of the motor command under differing movement conditions. Our force field experiment showed that in spite of the large changes d Purkinje cell simple spike discharge, while modulated by the task kinematics, is not altered by the task dynamics (i.e., type and strength of the external force fields); from [32] , with permission State of the arm at time t+τ is predicted based of the state of the arm at time t and the motor command. b Simple spike firing during the Track period of the task is modeled and the same parameters are used to predict the firing during the entire task, including the Intercept period. The τ was estimated from the best regression fit achieved by shifting the firing and kinematic parameters relative to each other over −200 to +200 ms. c Example of the predicted simple spike discharge for medium target speed (5.7 cm/s), for both cw and ccw tracking at a start angle of 270°. d Distribution of delays between simple spike discharge and kinematics. The majority of cells have a negative delay indicating the change in firing preceded the change in kinematics; from [35] , with permission in arm dynamics and limb EMG activity, Purkinje cell discharge was unaffected [31] . One interpretation is that the Purkinje cell firing predicts the consequences of arm movements, specifically the position and velocity of the limb [4] .
In conclusion, there is converging evidence from human and patient studies, investigations into cerebellum-like structures, and single cell recordings in monkeys that the cerebellum generates predictions of the future state of the system as the kinematic consequences of motor commands. In the monkey, these state estimates can directly inform the CNS about where the hand is, where it is heading, and at what speed, without the inherent delays in sensory feedback. While our focus has been on estimating the upcoming motor state, the cerebellum may provide similar calculations for non-motor systems [4, 33] .
